The fine structure of the intercellular dikaryotic hyphae of the biotrophic fungus Uromyces appendiculatus was studied. High pressure freezing and freeze substitution were used to achieve a closer approximation of the native state than with conventional fixation and dehydration techniques. In addition to organelles previously described in rust fungi, heavily decorated multivesicular bodies (star bodies) were found close to the nuclei. Two types of tubular-vesicular complexes were distributed randomly within the cytoplasm of the hyphae. Furthermore, a more or less pronounced brush-like fibrillar layer on the hyphal walls was detected. The possibility that the latter two structures are correlated with the biotrophic phase of this fungus is discussed.
Introduction
After cryo-fixation and freeze substitution a number of new organelles has been detected in fungi (see HOCH 1986, BABA and OSUMT 1987) . Observations of freeze substituted germ tubes of Uromyces phaseoli typica (HocH and STAPLES 1983) suggest that, within the leaf parenchyma, the parasitic structures and the host-parasite interfaces of this fungus may also exhibit new details. To verify this, we needed to cryofix the whole parasitic system, i.e., leaf appendieulatus. In previous studies convincing freezing qualities have been obtained only for specimens with a thickness of a few microns, such as single cells (K~tP-PELI etal. 1984 , HIPPE 1985 , HIPPE and HERMANNS 1986 , TOKUNAGA etal. 1986 , BABA and OSUMI 1987 or hyphae (HEATH etal. 1985, HOCH and HOWARD 1980) . Therefore, parasitic hyphae and haustoria have been studied only in such cases where they were growing below the cuticle or within the epidermis of the host plant (HIPPE 1985, DAHMEN and HOBOT 1986) . High pressure freezing presently is the only practical way to overcome this limitation since samples of up to 600 ~tm thickness can be cryofixed (RIEHLE and HOECHLI 1973, MOLLER and MOOR 1984) . Therefore we focused on this method to achieve a better preservation of our host-parasite system. Freeze substitution and sectioning were used to study the cytoplasm of the intercellular hyphae and the interface of host and parasite. New details concerning the endomembrane system of the fungus and a brush-like fibrillar layer on the outside of the hyphae were detected. Both structures may be correlated with the establishment of parasitism of this biotrophic fungus.
Materials and Methods
Uromyees appendiculatus var. appendiculatus on Phaseolus vulgaris L. f. sp. Fori was raised in a growth chamber under 10,000 lux (16h photoperiod), approximately 70% RH and 20 ~ Fourteen day old primary leaves were spray-inoculated with a uredospore suspension (ca. 3 mg spores/10 ml distilled water containing 0.05% Tween) and incubated under dim light at 18-20 oC and 100% RH for 20-24 h. Infected areas of the leaves were removed with a 2 mm corkborer 4 to 6 days after inoculation. In order to remove the air from the intercellular spaces, the samples were infiltrated either with tap water or with distilled water containing 8% (v/v) (2.5 M) methanol at room temperature. When methanol was used, the solution around the samples was renewed after infiltration in order to maintain the correct concentration. Samples routinely remained in 8% methanol for 5-10rain. Then, single samples were placed in an aluminium holder (one half with a hollow of 0.3 mm depth for the sample and the other a fiat top) and frozen immediately in the High Pressure Freezer HPM 010 (Balzers Union, Lichtenstein) introduced by M~3LLER and MOOR (1984) . The substitution medium (1.5 ml per specimen) consisted of 2 or 4% osmium tetroxide in acetone which had been dried over calcium chloride. Freeze substitution (MOLLER et al. 1980 ) was performed at -90 ~ -60 ~ and -30 ~ 8 h for each step, using either a self built device (Dr. M. MOLLER, ETH Zfirich) or the similar Balzers freeze-substitution apparatus FSU010. Subsequently, the temperature was raised to approximately 0 ~ within 30 rain and the samples were washed in dry acetone for another 30 min. Infiltration with an Epon/Araldite mixture was performed stepwise: 30% resin in acetone at +4~ for up to 7h, 70% and 100% resin at +8~ for up to 20h each step and 100% resin at +18~ for approximately 12 h. Samples were then transferred to fresh medium and polymerized at 60~ for 10h. Ultrathin sections were cut with glass knives, placed on formvarcoated single hole grids and were post-stained with 3% aqueous uranyl acetate and Reynolds lead citrate for 20 and 2 l/2min, respectively. Grids were examined with either a Siemens Elmiskop IA or a Zeiss EM 10 C electron microscope, operated at 80kV.
Results
Despite the fact that the commercial high pressure freezer works very reliably with respect to physical performance, the yield in adequately frozen plant samples was approximately 10%, too low to be suitable for the ultrastructural evaluation of a complex biological system such as the interaction of fungus and host. The addition of methanol as a cryoprotectant improved the yield of well frozen specimens considerably, to approximately 80%. 8% methanol was sufficient to supress detectable effects of ice crystal formation and did not introduce structural alterations as compared to the samples treated with tap water. Micrographs from samples infiltrated with tap water only are included for comparison. The most obvious improvement over conventional methods of chemical fixation and dehydration was the retention of smooth membranes. The plasma membranes of both plant and fungus followed the contours of the cell walls closely. Similarily, organelles exhibited smooth contours. Patches of membranous structures, subsequently referred to as tubular-vesicular complexes (TVCs), were observed regularly in the fungal cytoplasm. Two types, sometimes found adjacent to each other, could be distinguished by their structure, the contrast properties of their contents and the association with other organelles. The more common type (Figs. 1 and 2), referred to as TVC 1, was found in all fungal cell types and consisted of cisternae with an irregular luminal width of 30-70nm. The contents exhibited intermediate electron opacity. Ribosomes often lined the cisternae but the association may have been coincidental, as the other parts of the cytoplasm were evenly filled with ribosomes. TVC 1 was, as deduced from serial sections, spherical and variable in diameter. Cryoprotection with methanol did not influence its structure (compare with Fig. 3 ). Frequently, membranous tubes resembling endoplasmic reticulum connected different complexes or radiated from such patches into the surrounding cytoplasm (Fig. 4) . In developing spores TVC 1 occupied large areas of the cytoplasm ( Fig. 5 ) and no connections with endoplasmic reticulum were observed. Since the resin regularly separated from the walls of the developing spores, we were not able to follow secretion events as described recently by KNAUF and MEND~EN (1988) after freeze fracturing. The second type of tubular-vesicular complex, TVC 2, was found in all fungal cell types except in developing spores (Fig. 6) . Again, cryoprotection with methanol had no influence on the morphology (compare with Fig. 8 ). TVC 2 was observed much less frequently than TVC 1 and consisted of small groups of curved or straight tubes (Figs. 6-10), sometimes radiating from a small ring-like tube (Fig. 11) . The lumen of the tubes had a regular diameter of approximately 20 nm and stained more intensely than TVC 1. In serial sections, TVC 2 did not extend over more then five sections which indicates that the complex is very small, only up to 450 nm in diameter. Sometimes the TVC, probably TVC 2, displayed special features: in one case it consisted of only one tube (Fig. 12) or, in a developing spore, it resembled a very small dictyosome (Fig. 13) . Single multivesicular bodies (MVBs) were scattered throughout the cytoplasm and occasionally formed loose groups. Frequently the MVBs were found adjacent to the nuclei and/or the plasma membrane (Fig. 14) . Straight or curved filaments were attached perpendicularly to some MVBs (Figs. 15 and 16 ). Heavily decorated MVBs, or "star bodies", were arranged in clusters. These clusters were in close proximity to tubular structures (Figs. 17 and 18) not seen with conventional methods. Decorated MVBs were always found close to a nucleus (Figs. 15 and 18 ). Figs. 9-13. The different shapes of TVC 2, depending on the plane of section: irregular (Fig. 9 x 60 ,000), ringed ( Fig. 10 x 60 ,000), ringed with extensions ( Fig. 11 x 60 ,000), only one cisterna (Fig. 12 x 64 ,000) or even resembling a small dictyosome (Fig. 13 x 61 ,000) Bundles of microfilaments (Fig. 19) were found only in senescent regions of sporogeneous hyphae with extensive vacuolization. Microtubules were usually oriented parallel to the long axis of the cell. They were straight or gently curved (Figs. 19 and 20 ) and, in cross sections, exhibited the typical rounded shape (Fig. 28) . A n increased number of microtubules was observed in areas of contact with other cells (not shown). Filasomes, which consist of a central vesicle surrounded by a filamentous coat, as described by H o c H and How-ARD (1980), were generally found close to the plasma membrane (Fig. 20) . Microvesicles, 60-90 n m in diameter, were randomly distributed throughout the cytoplasm (Figs. 21 and 22 ). They had a clearly visible membrane and the contents were of low electron opacity. Microbodies were distributed randomly in the cytoplasm except near the septum, where they were arranged in a semicircle close to the septal pore (Fig. 23) . The hyphal walls varied in thickness (Figs. 24-27 ), but only one layer was distinguishable. The walls were cov- Figs. 15 and 16. Straight or curved filamentous structures, attached perpendiculary to the MVBs membrane. These MVBs are also close to the nucleus (Fig. 15 x 32,000, Fig. 16 x 40,000) Figs. 17 and 18. Clusters of heavily decorated MVBs ("star bodies") in close neighbourhood to tubular structures (arrows) in the neighbourhood of the nucleus (Fig. 17 x 60 ,000, Fig. 18 x 40,000) ered by a layer of long fibrils (Figs. 24-27 ). This brushlike fibrillar material was occasionally seen on young hyphae growing at the edge of the rust pustule and was of modest length (Fig. 24) . Close to the pustule, where hyphae began to aggregate under the epidermis, the brush-like fibrils were more frequently seen and were longer, approximately 300 ~tm (Figs. 25-27) . Figure 25 shows a hypha from a sample not cryoprotected with methanol. Sometimes the fibrils seemed to be intertwined (Fig. 26) . In regions of contact between host and parasite (Figs. 28 and 29) , the fibrillar material formed a dense net which seemed to be interwoven with the host cell wall material (Fig. 28) . Usually, the fungal and host walls could be distinguished by their staining properties (Fig. 28) , although not always (Fig. 29) .
Discussion
High pressure freezing has been used successfully with mammalian tissues (Moor et al. 1980 , HUNZIKER et al. 1984 , Mf2LLER and MOOR 1984 , M o o r 1987 . Leaf tissue, however, is difficult to handle since the intercellular space is filled with air which is compressible. This air must be removed by infiltration before the application of high pressure freezing. With the use of tap water ice crystals developed upon freezing and caused damage to the cytoplasm and cracked the cell. walls. During subsequent freeze substitution, when the ice was removed from the tissue, many specimens disintegrated. Therefore a cryoprotectant was needed to adjust the freezing properties within the tissue. Methanol (8%) was selected as cryoprotectant since it penetrates cells rapidly (MORRIS 1980) . Good results have been obtained with mammalian cells (HEuSER and KIR-SC~NER 1980, WILLIAMS etal. 1984) , some parasites (JAMES 1980) and some algae (MORRIS et al. 1980) . The toxicity of methanol is time, concentration and temperature dependent (WILLIAMS etal. 1984) . Euglena gracilis may recover after a treatment with 10% methanol for 15 min (MORRIS and CANNING 1978) although physiological alterations may result from this treatment (MORRIS etaL 1980) . As such changes may be visible, we compared our methanol treated samples with the samples adequately frozen after infiltration with tap water only. In addition, we consulted previous cytological investigations after cryo-fixation without the use of cryoprotectants. Morphological damage due to the methanol treatment was not observed in our sampies. However, physiological alterations can not be excluded. Freeze substitution results in superior structural preservation as compared to conventional preparative procedures. The membranes are smooth and the plasma membrane follows the cell wall closely. This has been repeatedly shown after cryo-fixation of fungi (HOWARD and AIST 1979 , HocH and HOWARD 1980 , HOWARD 1981 , HocI4 and STAPLES 1983 , NEWHOUSE etal. 1983 , HIPPE 1985 , DAHMEN and HOBOT 1986 , TOKVNAGA et al. 1986 ). We found tubular-vesicular complexes which were not detectable in U. appendiculatus after conventional preparative techniques. TVC 1 corresponds to the TVC described in haustoria (KNAUF et al. 1989) . It is especially prominent in developing spores (KNAUF and MENDGEN 1988) . It is not clear why this complex has not been detectet in most other fungi after cryo-fixation. TVC 1 may be differentiated only during the growth of this biotrophic fungus within the leaf parenchyma. Only two other biotrophic fungi have been studied using cryo-fixation. In the haustoria of Erysiphe graminis, DAHMEN and HOBOT (1986) describe "grey staining areas" which had a tubular structure closely resembling the TVC 1 in the present study. Similar structures have not been found in the germ tubes of U. phaseoli var. typica (HOCH and STAPLES 1983) . The function of the TVC 1 is not known, but it is likely an aggregation of rough endoplasmic reticulum with special tasks. TVC2 is similar to the presumed Golgi bodies described after cryofixation in germ tubes of the bean rust fungus (HocH and STAPLES 1983) and other fungi (DAHMEN and HOBOT 1986 , HOCH and HOWARD 1980 , HOWARD 1981 , HOWARD and AIST 1979 , NEWHOUSE etal. 1983 ) and after conventional preparation (GRovE and BRACKER 1970) . In some instances the TVC2 (Figs. 12 and 13) were similar to the dictyosome-like organelles found in oomycetous fungi (HEMMES and RIBEIRO 1977, HEATH etal. 1985) . However, secretory functions have not been proven for all the presumed Golgi bodies or dictyosomes. TVC 1 and 2 were often found adjacent to each other but were never in direct contact, similar to the results for E. graminis (DAHMEN and HOBOT 1986) . Therefore, these two structures may have specific and different tasks. Cytochemical studies are underway to clarify the content of the tubules and vesicles. Filamentous structures on MVBs were previously found in U. appendiculatus and other rust fungi and have been interpreted either to be rod-shaped virus particles (LITTLEFIELD and HEATH 1979) or microfilaments (HocH and STAPLES 1983) . Our results do not clarify which interpretation is correct. Microfilaments, microtubules, filasomes, microvesicles and microbodies have already been described for several fungi after cryo-fixation, and their physiological functions have been discussed (HocH and HOWARD 1980 , HOCH and STAPLES 1983 , HOWARD 1981 . The extracellular brush-like fibrils of U. appendiculatus are visible to the extent seen in this study only after cryo-fixation (SCHNEIDER 1986). With conventional techniques, remnants of such material are only visible at contact sites with the host wall (see LITTLEFIELD and HEATH 1979) . Similar fibrillar material has been documented after cryo-fixation of various yeasts (WALTHER r al. 1984 , KAPPELI el a[. 1984 , TOKUNAGA etal. 1986 , BABA and OSUMI 1987 . This extracellular material varied in thickness, structure and properties under different growth conditions, e.g. sugars supplied to the nutrient media (K~_PPELI el al. 1984, McCOURTIE and DOUGLAS 1981) . Therefore, the discontinuity in the appearance of the fibrils on the bean rust hyphae and the variation in their thickness may be due to the nutritional status of the hyphae in the leaf tissue. On the other hand hyphal differentiation during development of the pustule may influence the structure of the extracellular fibrils. Germ tubes of U. phaseoli var. typica also exhibit extracellular material after cryofixation (HocH and STAPLES 1983) but it resembles slime and is not in the brush-like order which occurs on the hyphae of this fungus when it grows within the leaf. Cytochemical studies also suggest a difference between surface molecules of various funsal structures. Germ tubes have a high affinity to ~vheat germ agglutinin suggesting the presence of chitin and terminal Nacetylglucosamine whereas the infection hypha, an intercellular hypha, has a high affinity for different glucanases suggesting the presence of ~3-1-3 and J3-1-6 linked glucans (MENDGEN eta[. 1985) . We suggest that this material has some tasks in the regulation of the host parasite interaction (MENDGEN etal. 1988) .
